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Abstract—Polycyclic aromatic hydrocarbon (PAH) toxicity is enhanced by light, especially ultraviolet (UV) radiation. To examine
a potentialmechanism(s)ofphotoinducedtoxicityofPAHstoplants,theeffectsofanthraceneanditsphotoproductsonphotosynthesis
were investigated using the aquatic higher plant Lemna gibba L. G-3 (duckweed). Photosynthetic activity was monitored both in
vivo and in vitro by measuring chlorophyll a (Chl a) ﬂuorescence, carbon ﬁxation, and electron transport. In simulated solar
radiation (a light source with a visible light:UV-A:UV-B ratio similar to sunlight), inhibition of photosynthesis was more rapid
with photomodiﬁed anthracene than with intact anthracene, and intact anthracene appeared to only inhibit photosynthesis following
its photomodiﬁcation. The primary site of action of photomodiﬁed anthracene was found to be electron transport at or near
photosystem I (PSI). This was followed by inhibition of photosystem II (PSII), probably due to excitation pressure on PSII once
the downstream electron transport through PSI was blocked. Accordingly, higher chemical concentrations and/or longer exposures
were required to inhibit PSII than PSI. Net photosynthesis (carbon ﬁxation) was also inhibited, implying that the inhibition of
electron transport in PSI by photomodiﬁed anthracene can lead to diminished primary productivity. A linkage between inhibition
of photosynthesis and inhibition of plant growth was established in terms of the initial site of action (PSI) and primary productivity
(carbon ﬁxation), which suggested that Chl a ﬂuorescence can be used as a bioindicator of PAH impacts on plants.
Keywords—Phytotoxicology Polycyclic aromatic hydrocarbon photooxidation Electron transport Chlorophyll ﬂuorescence
Bioindicator
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) strongly absorb
in the ultraviolet (UV)-A (320–400-nm) and UV-B (290–320-
nm) spectral regions, both of which are components ofsunlight
[1]. Photoinduced processes involving these chemicals are en-
vironmentally relevant, and are observed as increased toxicity
of PAHs in the presence of simulated solar radiation (SSR)
and natural sunlight [2–6]. Photoinduced toxicity of PAHs is
derived from two photochemical processes: photosensitization
and photomodiﬁcation [3,7,8]. In a photosensitizationreaction,
intracellular singlet-state oxygen (1O2) and other active oxygen
species are generated, which can cause oxidative damage in
biologicalsystems [9,10]. Duringphotomodiﬁcation,PAHsare
structurally altered to a variety of products, mainly oxygen-
ation products, andmanyofthesephotoproductsaremoretoxic
than the parent compounds [4–6,8]. Interestingly, some PAH
photooxidation products are similar to those produced by bi-
ological oxidation via cytochrome P450 [8,11–14].
To gain greater insight into the hazards of environmental
contaminants, it is beneﬁcial to understand the mechanisms of
toxicity. This can lead to an understanding of the biological
receptor targeted by a particular chemical, and extrapolations
to anticipated effects of related molecules. Another beneﬁt of
understanding of the sites of action of contaminants in bio-
logical systems is the establishment of reliable, mechanisti-
cally validated bioindicators of toxicity. In the case of pho-
tosensitization reactions induced by PAHs, the physiology of
cellular damage via 1O2 is reasonably well understood [9,10].
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For example, nonspeciﬁc peroxidation of lipids and proteins
in membranes occurs in the presence of 1O2. Because sunlight
and PAHs coexist in many environmental compartments, a
signiﬁcant fraction of the chemicals is likely to be photomo-
diﬁed, primarily through oxidation reactions, before they come
in contact with an organism [4,6,8,11,14,15]. Extensive re-
search has shown that photomodiﬁed PAHs are biologically
damaging to plants [4–6,8], yet little information exists on the
mechanisms of toxicity of photomodiﬁed PAHs.
Inhibition of photosynthesis is often a key mechanism of
toxicant action in plants [16–20]. Preliminary work with PAHs
indicated that photosynthesis was inhibited at a lower con-
centration than respiration or general membrane damage [21].
At the whole plant level, this can result in impaired plant
growth, lower yields, and loss of competitive advantage in the
ﬁeld [16,18–22]. Several reliable methods exist for measuring
impacts on photosynthesis including chlorosis, carbonﬁxation,
and electron transport [23–26]. In particular, assays of pho-
tosystem II (PSII) electron transport can be extremelysensitive
measures of damage to almost any point in the photosynthetic
apparatus [23,25,27,28]. This is because PSII is the ﬁrst step
in photosynthesis, and inhibition of most metabolic activities
in the chloroplast downstream from PSII will lead to a block
in PSII electron transport. When electron transport is blocked,
PSII will be photoinhibited due to excitation pressure on PSII
[23,28–30]. That is, when PSII does not utilize the light it
absorbs, this energy is dissipated within PSII, resulting in ox-
idative damage. Therefore, if PSII is inhibited following con-
taminant treatment and the cause of PSII inhibition can be
isolated, a mechanistic basis of toxicant action can be iden-1708 Environ. Toxicol. Chem. 16, 1997 X.-D. Huang et al.
Fig. 1. High-performance liquid chromatography (HPLC) analysis of
anthracene after photomodiﬁcation in simulated solar radiation An-
thracene in dimethylsulfoxide at 8 g/L was delivered to Lemna gibba
growth medium to a ﬁnal concentration of 8 mg/L. The aqueous
anthracene solution was incubated in ultraviolet (UV)-B (20 mmol/
m2/s) for 3 d. A 200-ml aliquot of the phototreated solution was
analyzed by HPLC using a water–acetonitrile gradient. The chro-
matograph shown is relative absorbance at 240 nm. Identiﬁed peaks
(anthracene, anthroquinone, benzoic acid, and phthalic acid) arebased
on HPLC analysis of authentic samples. In addition, the triplet of
peaks with retention times of 16 to 17 min have been tentatively
identiﬁed as hydroxybenzoic acids and the small peak with a retention
time of 26 min was tentatively identiﬁed as a hydroxyanthroquinone.
tiﬁed. Photosystem II electron transport can be measured in
vivo using chlorophylla (Chl a) ﬂuorescenceandinvitrousing
artiﬁcial electron acceptors [24,26–28,31,32]. In fact, Chl a
ﬂuorescence has previously been used for toxicant assessment
[33,34].
When PAHs are photomodiﬁed, many of the resultant prod-
ucts are quinones [8,14,15]. Such chemicals partition into thy-
lakoid membranes (C.T. Duxbury, B.J. McConkey, D.G. Dix-
on, and B.M. Greenberg, manuscript in preparation) where
they potentially can block photosynthesis, especially where
plastoquinone is used as an electron acceptor or donor [35,36].
However, little information is currently available on the
route(s) by which PAHs or their environmental photoproducts
can interfere with photosynthetic electron transport.Therefore,
we initiated this study to examine the impacts of anthracene
and its photoproducts on the photosynthetic apparatus in
plants. Both photosystem I (PSI) and PSII were found to be
inhibited, with the primary site of action being PSI.
MATERIALS AND METHODS
Plant growth conditions and chemical exposure of plants
to PAHs
Prior to chemical treatment, Lemna gibba L. G-3 (duck-
weed) was cultured axenically on half-strength Hutner’s me-
dium (L. gibba growth medium) under 60 mmol/m2/s of con-
tinuous cool-white ﬂuorescent light [4]. The irradiation source
for the plants during chemical treatment was SSR. The SSR
source is described in detail elsewhere [1,4]. It has a visible:
UV-A:UV-B ratio of 100:10:1, and aﬂuencerate of100mmol/
m2/s. Fluence rates and spectral output of the light sources
were measured with a photodiode array spectroradiometer cal-
ibrated with a 1-kW quartz halogen lamp (Oriel, Stratford, CT,
USA).
For exposure to intact anthracene, plants were placed on
40 ml of fresh half-strength Hutner’s medium in 10-cm petri
dishes [4]. Anthracene (Sigma, St. Louis, MO, USA) was dis-
solved in dimethylsulfoxide (DMSO) and delivered to the me-
dium by 1,000-fold dilution of the DMSO stock solutions to
the ﬁnal concentrations indicated in the ﬁgures. Because an-
thracene has low solubility in water [37], delivery with DMSO
was required to achieve concentrations necessary for full con-
centration–response curves. Chemical purity and accuracy of
chemical delivery were assayed by high-performance liquid
chromatography (HPLC) as previously described [4,8].
For application of photomodiﬁed anthracene to L. gibba,
the intact chemicals were delivered to the growth medium to
a ﬁnal concentration of 8 mg/L from an 8-g/L DMSO stock
solution. The growth medium containing anthracene was cov-
ered with polyethylene ﬁlm and incubated in UV-B (20 mmol/
m2/s, comparable to the total UV-B in full sunlight) for 3 d
[4]. This was a sufﬁcient time to quantitatively photomodify
the starting material and resulted in a somewhat photostable
product composition. The extent of the photomodiﬁcation re-
action was monitored by HPLC (8). Brieﬂy, a 200-ml aliquot
of the phototreated solution was injected onto a 25-cm 3
4.6-mm C-18 column with a 5-mm particle size (Supelco, Mis-
sissauga, ON, Canada) and sample components were detected
with a diode array detector (Shimadzu, Columbia, MD, USA).
Water (adjusted to pH 3 with phosphoric acid) and acetonitrile
were used as elution solvents, starting at 1% acetonitrile for
2 min and followed by a linear gradient to 90% acetonitrile
over 30 min. Photomodiﬁcation of anthracene results in a com-
plex mixture of chemicals, some of which (anthroquinone,
benzoic acid, and phthalic acid) have been identiﬁed (Fig. 1).
To check for side effects of DMSO on anthracene photomo-
diﬁcation, the photomodiﬁcation reaction was also assayed in
double distilled water without DMSO. Photomodiﬁed anthra-
cene had a similar product composition with or without DMSO
(data not shown). Because many of the products in the mixture
are unidentiﬁed and the mixture can change with prolonged
exposure to SSR, the experiments were performed on the basis
of the concentrations of intact anthracene present prior to pho-
tomodiﬁcation [4]. The chemical concentration was adjusted
by dilution with growth medium and applied to the plants. To
account for the possible side effects of phototreated DMSO
on the plants, DMSO in water at 0.1% (v/v) was also treated
in UV-B radiation for 3 d and used as the control in the cor-
responding assays. The phototreated DMSO medium had no
effect on any of the assays employed.
Chlorophyll a ﬂuorescence induction
Inhibition of PSII in vivo with L. gibba was assessed by
Chl a ﬂuorescence induction [27,28,31,33]. Excitation of a
dark-adapted plant leaf results in a characteristic ﬂuorescence
induction curve (Fig. 2) [see also refs. 28, 31]. Upon exposure
to light, ﬂuorescence rises rapidly (,1 ms) to a minimal level,
termed FO. This is the ﬂuorescencelevelattainedwhenquinone
A( Q A) in PSII is oxidized. AfterFOisreached,theﬂuorescence
gradually rises over a 2-s period to a maximal (peak) level,
FM, at which point QA is fully reduced. The difference between
FM and FO is referred to as variable ﬂuorescence, FV (Fig. 2).
FV/FM is proportional to the maximum quantum yield of PSII
[28,31,33]. The range of FV/FM for L. gibba is from 0.2 (com-
plete inhibition of PSII) to about 0.7 (in a control leaf).
Under continued exposure to actinic light, ﬂuorescence de-
clines after reaching FM. This ﬂuorescence quenching is due
to overall chloroplast activity, and it reﬂects radiationless de-
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Fig. 2. Chlorophyll a (Chl a) ﬂuorescence induction kinetics forLem-
na gibba. Lemna gibba plants were placed in simulated radiation(100
mmol/m2/s) for 48 h. After a 20-min dark incubation, a whole colony
of the plants (four leaves) was assayed in a spectroﬂuorometer for
190 s. The excitation wavelength was 435 nm and the detection wave-
length was 685 nm. See the Materials and Methods for an explanation
of a Chl a ﬂuorescence induction curve. The parameters used in sub-
sequent calculations were initial ﬂuorescence (FO), maximal ﬂuores-
cence (FM), variableﬂuorescence(FV),theﬁrstﬂuorescencequenching
phase (FS1), and the difference between FM and FS1 (FQ). The second
and third ﬂuorescence quenching phases (FS2 and FS3) are also shown.
gradient across the thylakoid membranes, electron transport
through PSI, and carbon ﬁxation [27,28,31,33]. The ﬁrst two
quenching phases (FS1 and FS2 in Fig. 2) reﬂect reoxidation of
the quinones in PSII and the plastoquinone (PQ) pool, as well
as build-up of the thylakoid pH gradient. Both of these pro-
cesses are dependent on PSI activity, because without PSI
activity there will not be enough electron transport to oxidize
the PQ pool or establish the pH gradient. The slowest quench-
ing phase (FS3 in Fig. 2) is dependent on carbon ﬁxation and
is reached after 2 to 3 min in the light, at which point ﬂuo-
rescence yield is at an equilibrium established by equal rates
of reduction and oxidation of the PQ pool. In this study, we
used FQ/FM as a measure of initial photosynthetic activity
downstream from PSII, where FQ 5 FM 2 FS1 (Fig. 2). The
range of FQ/FM for L. gibba was about 0.2 in a control plant
to 0 in a fully inhibited plant.
To perform a ﬂuorescence assay, L. gibba was treated with
intact orphotomodiﬁed anthraceneasdescribedaboveandthen
subsequently dark-adapted for 20 min. A whole colony of
plants (approximately four leaves) was placed in the spectro-
ﬂuorometer (Photon Technology International, London, ON,
Canada) and Chl a ﬂuorescence induction was measured by
excitation at 435 nm (70 mmol/m2/s) and emission detection
at 685 nm. The time constant (resolution) for collection of
ﬂuorescence emission data was 1 ms and 12 ms for FV/FM
(PSII) and FQ/FM (PSI), respectively.
Isolation of thylakoid membranes for measurement of PSI
and PSII
Thylakoid membranes were isolated according to Xiao et
al. [26] with some modiﬁcations. All steps were performed at
48C under low lighting. Lemna gibba plants (5 g fresh weight)
were washed with deionized water and homogenized in a cold
glass mortar and pestle using 5 ml of buffer A (50 mM Epps-
KOH pH 7.8, 400 mM Sorbitol, 10 mM NaCl, and 5 mM
Na-ascorbate). The homogenate was ﬁltered through one layer
of miracloth (Fisher Scientiﬁc, Mississauga, ON, Canada) and
centrifuged at 4,500 g for 4 min. The pellet containing chlo-
roplasts was suspended in 5 ml of buffer B (50 mM Epps-
KOH pH 7.8, 10 mM NaCl, and 5 mM MgCl2) resulting in
lysis of the chloroplasts by osmotic shock. Thethylakoidmem-
branes were pelleted at 14,000 g and washed by resuspension
in 5 ml of buffer C (50 mM Epps-KOH pH 7.8, 160 mM NaCl,
and 5 mM MgCl2). Thylakoid membranes were repelleted by
centrifugation at 14,000 g for 4 min and resuspended in buffer
D (50 mM Epps-KOH pH 7.8, 50 mM sorbitol, 10 mM NaCl,
and 5 mM MgCl2) and kept at 48C in the dark until use. The
amount of thylakoid membranes was quantiﬁed by measuring
Chl concentration according to Lichtenthaler [38]. The mem-
branes were diluted with buffer D to a ﬁnal Chl concentration
of 0.2 mg/ml prior to chemical treatment.
Chemical treatment of thylakoid membranes
Intact anthracene was delivered to ﬁlter-puriﬁed water to a
ﬁnal concentration of 64 mg/L from a 8-g/L DMSO stock
solution. The anthracene solution was incubated in 20 mmol/
m2/s of UV-B radiation for 6 d, at which point the anthracene
was more than 90% photomodiﬁed. Because anthracene exists
in suspension at such a high concentration, a long incubation
was required to quantitatively modify the chemical with re-
sultant solubilization of the photoproducts. High-performance
liquid chromatograph analysis (data not shown) revealed a
mixture similar to that shown in Figure 1. Dimethylsulfoxide
in water (0.8%, v/v) was also preincubated in UV-B for 6 d
as the control for the assay. Two milliliters of photomodiﬁed
anthracene in water at 0, 8, 16, 32, and 64 mg/L was combined
with an equal volume (2 ml) of thylakoid membranes con-
taining 0.2 mg Chl/ml in buffer D. The resultant 4-ml solutions
were incubated in a temperature-controlled water bath (48C)
in darkness or SSR. After a 2-h incubation, activities of PSI
and PSII were measured.
Dual spectrophotometric measurements for PSI and PSII
activities
Following treatment of thylakoid membranes with photo-
modiﬁed anthracene, PSI and PSII activities were assayed
spectrophotometrically by monitoring the oxidation and re-
duction, respectively, of 2,6-dichlorophenol indophenol
(DCPIP) over time at 580 nm [26,32]. Oxidized DCPIP (which
accepts electrons from PSII) absorbs strongly at 580 nm, and
reduced DCPIP (which donates electrons to PSI through plas-
tocyanin and P700) does not absorb at 580 nm. Nonstandard
modiﬁcations of a Perkin-Elmer Lambda 3 UV/VIS spectro-
photometer (Mississauga, ON, Canada) wereperformedtopro-
vide actinic light to drive photosynthesis [26]. To accomplish
this, a ﬁber-optic light guide (7-mm interior diameter) coupled
to a high-intensity illuminator (170-D Fiberlite, Dolan-Jenner,
Woburn, MA, USA) was fed into the sample compartment of
the spectrophotometer. The actinic light was passed through a
red ﬁlter (Corning glass ﬁlter #2-58, Corning, Corning, NY,
USA) and the photomultiplier tube of the spectrophotometer
was protected from scattered actiniclightbyablueﬁlter(Corn-
ing glass ﬁlter #4-96). The reactions were initiated by turning
on the actinic beam and data were collected for 40 s with a
chart recorder. An extinction coefﬁcient (e, molar absorbance)
of 18.0 3 1023 ml/mmol/cm was used for the calculation of
the rate of DCPIP oxidation or reduction according to the
equation:
mmol DCPIP oxidized or reduced/(Chl [mg])/h
5 [(DA /min)(60 min/h)(reaction volume [ml])] 580
23 4 [(18.0 3 10 ml/mmol/cm)(Chl [mg])
3 (cuvette path length [cm])]1710 Environ. Toxicol. Chem. 16, 1997 X.-D. Huang et al.
Fig. 3. Maximal photosystem II efﬁciency (variable ﬂuorescence/
maximal ﬂuorescence [FV/FM]) for Lemna gibba treated with anthra-
cene. (A) Lemna gibba plantsweretreatedwithvariousconcentrations
of intact (M) and photomodiﬁed anthracene (v). Afterincubationwith
the chemical for 4 h, the plants were placed in darkness for 20 min
and chlorophyll a ﬂuorescence induction was measured for deter-
mination of FV/FM. Concentration was plotted on a log scale. Each
data point represents an average from three independent experiments.
The error bars are standard error of the mean. A maximal FV/FM of
0.7 and a minimal FV/FM of 0.2 was used for calculating 50% loss of
activity. (B) Lemna gibba plants were treated with intact (M) and
photomodiﬁed anthracene (v) at 8 mg/L. At time points from 0 to 4
h, plant samples were removed and incubated in darkness for 20 min.
Fluorescence induction was measured for determination of FV/FM.
Time was plotted on a log scale. Each data point represents anaverage
from three independent experiments. The error bars are standard error
of the mean.
DA580 denotes the changes in absorbance at 580 nm/min as
calculated from the initial slope, and (Chl [mg]) is the total
content of Chl in the reaction (in all cases it was 0.01 mg).
The reaction volume was 1 ml and the cuvette path length was
1 cm. The initial slope for DA580 was used to determine the
rate of change of the DCPIP oxidation state to avoid inter-
ference from depletion of substrate and/or side reactions.
To measure PSI activity, the assay mixture contained 0.82
ml of reaction buffer (50 mM Epps-KOH pH 7.8, 100 mM
sorbitol, 10 mM NaCl, 5 mM MgCl2,1m MN H 4Cl, and 0.1
mM gramicidin-D), 0.03 ml of freshly prepared 1 mM ascor-
bate, 0.01 ml of 3 mM DCPIP, 0.03 ml of 10 mM methyl
viologen, and 0.01 ml of 1 mM DCMU (3-(3,4-dichloro-
phenyl)-1,1-dimethylurea). A 0.1-ml aliquot of treated thyla-
koid membranes in buffer D (equivalent to 0.01 mg Chl) was
added to the assay mixture. The solution was mixed and al-
lowed to equilibrate in the dark for 1 min. Oxidation of DCPIP
was initiated by application of actinic light (600 mmol/m2/s),
and subsequent PSI activity was observed as an increase of
absorbance at 580 nm.
For PSII activity measurements, the assay mixture con-
tained 0.89 ml of reaction buffer (50 mM Epps-KOH pH 7.0,
100 mM sorbitol, 10 mM NaCl, 5 mM MgCl2, 1 mM NH4Cl,
and 0.1 mM gramicidin-D) and 0.01 ml of 3 mM DCPIP. A
0.1-ml aliquot of treated thylakoid membranes in buffer D
(0.01 mg Chl) was added to the assay mixture to give a ﬁnal
volume of 1 ml. The solution was mixed and allowed to equil-
ibrate for 1 min in the dark. Reduction of DCPIP was initiated
by application of actinic light (600 mmol/m2/s), andsubsequent
PSII activity was observed as a decrease in absorbance at 580
nm.
Photosynthetic 14CO2 incorporation
Lemna gibba plants were incubated under SSR in growth
medium containing photomodiﬁed anthracene at 8 mg/L for
various lengths of time. The plants were taken out of the chem-
ical solution, washed with deionized water, blotted dry,
weighed, and incubated for 20 min in growth medium con-
taining 10 mCi/ml [14C]bicarbonate (50–60 mCi/mmol, Amer-
sham, Arlington Heights, IL, USA) [39] under the SSR con-
ditions used for plant exposure to the chemicals. Background
14CO2 assimilation was established with a sample incubated in
the dark. After incorporation of radiolabel, the plants were
washed three times with 48C growth medium free of 14CO2.
The chlorophyll in the tissue was then bleached by visible
light incubation (20 mmol/m2/s) in 4 ml of 80% acetone (v/v)
for 24 h. After evaporation of the acetone, 4 ml of aqueous
scintillation cocktail (Amersham) was added. Incorporation of
radiolabel, based on uptake of radiolabel from the media, was
quantiﬁed by liquid scintillation. To remove the contribution
of nonphotosynthetically incorporated 14CO2, the signal from
the dark control sample was subtracted from that of the sample
incubated in light. Incorporation was calculated as counts per
minute of radiolabel per mg fresh weight of tissue. Each time
point was then normalized to its parallel nonPAH-treated con-
trol sample.
Statistical analysis
Log-linear regressions were ﬁt to concentration–response
data over the linear portion of the curves. A two-factoranalysis
of variance was performed using the MGLH Module of SYS-
TATy (Version 5.05 for Windowsy, Systat, Evanston, IL,
USA). The factors used were treatment (intact and photomo-
diﬁed anthracene) and log of concentration or time, depending
on the experiment. Median inhibitory concentrations (IC50s)
were determined at the point of 50% loss of the variable re-
sponse (i.e., at the point midway between the control response
and baseline response). Median inhibitory times (IT50s) were
determined similarly. Statistical signiﬁcance was tested at a
level of a50.05.
RESULTS
Effects of intact and photomodiﬁed anthracene on Chl a
ﬂuorescence induction in L. gibba
To begin to investigate photosynthesis as a potential site
of action for intact and photomodifed anthracene, the concen-
tration range for in vivo inhibition of photosynthesis in L.
gibba was established. Chlorophyll a ﬂuorescence induction
was measured in situ following treatment of the plants with
the chemicals (Fig. 3A). Diminishment of FV/FM (proportional
to maximal PSII activity) was dependent on chemical con-
centration. The concentration responses for both intact and
photomodiﬁed anthracene were similar; they both ﬁt log-linearInhibition of photosynthesis by photomodiﬁed anthracene Environ. Toxicol. Chem. 16, 1997 1711
Fig. 4. Concentration-dependent in vitro inhibition of photosystem I
(PSI) and photosystem II (PSII) by photomodiﬁed antrhracene. (A)
Thylakoid membranesisolatedfromLemnagibbawereincubatedwith
various concentrations of photomodiﬁed anthracene at 48C in simu-
lated solar radiation (SSR) (open symbols) or darkness (ﬁlled sym-
bols). After a 2-h incubation, activities of PSII (circles) or PSI
(squares) were measured spectrophotometrically by reduction or ox-
idation of 2,6-dichlorophenol indophenol (DCPIP), respectively.Data
are presented as percent inhibition relative to the controls. Control
activities of PSII and PSI were 100 and 60 mmol DCPIP (mg Chl)/h,
respectively. The error bars represent the standard error of the mean
(n 5 6–9). (B) Double reciprocal plot of inhibition of PSI by pho-
tomodiﬁed anthracene in darkness (m) and SSR (M). The data from
A were plotted using 1/(% inhibition) as the vertical axis and 1/(pho-
tomodiﬁed anthracene) as the horizontal axis. Regression lines were
ﬁt by least squares.
regressions (r2 5 0.90 and 0.80 for intact and photomodiﬁed
anthracene, respectively) and the two data sets were not sig-
niﬁcantly different from each other (p 5 0.243). The IC50 for
diminishment of FV/FM was approximately 2 mg/L in both
cases, which is higher than the median effectiveconcentrations
(EC50s) for growth inhibition of L. gibba for either intact or
photomodiﬁed anthracene (1.5 and 0.5 mg/L, respectively[4]).
One possible explanation for the similar effects of intact
and photomodiﬁed anthracene on FV/FM (Fig. 3A) is that an-
thracene is being photomodiﬁed (t1/2 5 1.5 h in 100 mmol/
m2/s SSR [4]) during the time course of the experiment and
subsequently is inhibiting photosynthesis. If this theory is cor-
rect, a time course for diminishment of FV/FM should reveal
that photomodiﬁed anthracene acts faster than intact anthra-
cene. To investigate this possibility, high concentrations of
intact and photomodiﬁed anthracene (8 mg/L) were applied to
the plants to ensure a rapid response. Photomodiﬁed anthra-
cene had an impact signiﬁcantly (p , 0.001) faster (IT50 5
1.1 h) than intact anthracene (IT50 5 2.1 h) (Fig. 3B). We
note that similar photoproducts are observed after2hi nS S R
o r3di nUV-B (the latter was used to generate photomodiﬁed
anthracene). The only deviations were in the relative amounts
of the photoproducts and that some intact anthracene remained
after 2 h in SSR (data not shown). Also, that intact anthracene
possibly was being metabolized by the plants (e.g., via cyto-
chrome P450) to product(s) that could inhibit photosynthesis.
However, we have found that L. gibba does not rapidly me-
tabolize anthracene (unpublished observations). Thus, it seems
likely that the observed delay in action of intact anthracene is
due to the time it takes for photomodiﬁcation to proceed.
Inhibition of PSI and PSII in isolated thylakoid membranes
Having established the concentration range for diminish-
ment of FV/FM (inhibition of PSII) in vivo, the sites of action
of intact and photomodiﬁed anthracene on the photosynthetic
apparatus were probed. Thylakoid membranes were isolated
from leaf tissue and treated in vitro with intact or photomo-
diﬁed anthracene at 4 mg/L for 2 h under SSR. Photosystem
I and PSII activities were subsequently measured in vitro by
DCPIP oxidation and reduction, respectively. It was found that
intact anthracene caused only a slight (15%) inhibition of PSII
and did not affect PSI, whereas photomodiﬁed anthracene in-
hibited PSI by 40%, without affecting PSII in vitro (data not
shown). Hence, the previously measured inhibition of PSII in
vivo by photomodiﬁed anthracene (measured as FV/FM, Fig.
3) may not have been a direct effect of photomodiﬁed an-
thracene on PSII.
Because photomodiﬁed anthracene was more effective at
inhibiting photosynthesis than intact anthracene both in vivo
and in vitro, inhibition of PSI and PSII by photomodiﬁed an-
thracene was examined in greater detail. In vitro inhibition as
a function of concentration was measuredindarknessandSSR.
In darkness, photomodiﬁed anthracene only slightly inhibited
PSII (less than 10%) in a concentration-independent manner
(Fig. 4). However, inhibition of PSI increased hyperbolically
with photomodiﬁed anthracene concentration in the dark (Fig.
4). A maximum of 40% inhibition at 32 mg/L was observed.
The hyperbolic rise in inhibition is typical of direct inhibition
of a biochemical activity.
When the treatments were carried out under SSR, PSI was
strongly inhibited at the lowest concentration ofphotomodiﬁed
anthracene (Fig. 4), and once again inhibition increased hy-
perbolically with concentration. Photosystem II was also in-
hibited by photomodiﬁed anthracene in SSR, although the con-
centration–response curve had a sigmoidlike shape with a
threshold of impact between 4 and 8 mg/L (Fig. 4). Thus, at
lowerconcentrations, PSIIwasinhibitedlessthanPSI,whereas
at higher concentrations PSII was inhibited more than PSI.
Interestingly, a double reciprocal plot for inhibition of PSI
versus concentration of inhibitor resulted in straight lines for
the dark and SSR treatments. Furthermore, the two lines in-
tersected on the 1/(photomodiﬁed anthracene) axis (Fig. 4B).
This intercept is 21/KI (KI is the inhibitor binding constant),
giving a KI of 8 mg/L (45 mmol/L) based on the original
anthracene concentration prior to photomodiﬁcation.
Inhibition of PSI and PSII in vivo by photomodiﬁed
anthracene
To assess if the differential inhibition of PSI and PSII could
be observed in vivo, L. gibba plants were incubated with pho-1712 Environ. Toxicol. Chem. 16, 1997 X.-D. Huang et al.
Fig. 5. Photosystem II (PSII) and photosystem I (PSI) activities from
Lemna gibba treated in vivo with photomodiﬁed anthracene. Lemna
gibba plants were treated with photomodiﬁed anthracene as in Figure
3. At the time points indicated, plant samples (2.5 g) were homog-
enized and thylakoid membranes were isolated. Activities of PSII (M)
and PSI (V) in the thylakoid fraction were measured spectrophoto-
metrically by reduction and oxidation of 2,6-dichlorophenol indo-
phenol (DCPIP), respectively. Data are presented as percentinhibition
relative to the control. Control activities of PSI and PSII are given in
the legend of Figure 4. The error bars represent the standard error of
the mean (n 5 6–9).
Fig. 6. In vivo measurements of variable ﬂuorescence/maximal ﬂu-
orescence (FV/FM) (photosystem II) and initial ﬂuorescence/maximal
ﬂuorescence (FQ/FM) (photosystem I) in Lemna gibba treated with
photomodiﬁed anthracene. Lemna gibba plants were treated with dif-
ferent concentrations of photomodiﬁed anthracene in either simulated
solar radiation (V) or darkness (v). After a 2-h incubation, the plants
were dark-adapted for 20 min after which chlorophyll a ﬂuorescence
was measured. (A)F V/FM versus concentration of photomodiﬁed an-
thracene. (B)F Q/FMversusconcentrationofphotomodiﬁedanthracene.
The error bars are the standard error of the mean (n 5 6).
tomodiﬁed anthracene, and PSI and PSII activities were mea-
sured in thylakoid membranes isolated from the treated plants.
Both PSI and PSII were inhibited as a function of treatment
time (Fig. 5). Similar to the in vitro experiments, inhibition
of PSI preceded PSII inhibition. Furthermore, with longer in-
cubation periods PSII inhibition overtook PSI inhibition, sim-
ilar to the in vitro concentration–response experiment (com-
pare Figs. 4 and 5).
Effects of photomodiﬁed anthracene on ﬂuorescence
quenching
To further test if PSI is more sensitive than PSII to pho-
tomodiﬁed anthracene in vivo, long-term (60-s) room-tem-
perature Chl a ﬂuorescence kinetics were examined. Quench-
ing of ﬂuorescence (FQ) after FM is dependent on PSI activity
and the thylakoid pH gradient [27,28,31]. Because we estab-
lished that photomodiﬁed anthracene inhibited PSI electron
transport in vitro and in vivo (Figs. 4 and 5), we assumed any
observed effects of the chemicals on FQ/FM in vivo would be
primarily due to depressed PSI activity. In plants treated with
photomodiﬁed anthracene in the dark FQ/FM was diminished,
whereas FV/FM (proportional to PSII activity) was unchanged
with increasing chemical concentration in the dark (Fig. 6).
This indicates that in darkness PSIwasinhibitedinvivowhere-
as PSII was unaffected, as was found in vitro.
For plants treated in SSR with photomodiﬁed anthracene,
FQ/FM and FV/FM were both diminished (Fig. 6). Therefore,
PSII (FV/FM) was only inhibited under SSR, whereas PSI (FQ/
FM) was inhibited in the light or the dark, as was found in the
above in vitro assays. Interestingly, the IC50 for diminishment
of FQ/FM by photomodiﬁed anthracene was about 0.1 mg/L in
SSR and 0.2 mg/L in darkness, lower than the EC50 (0.5mg/L)
for growth inhibition of L. gibba [4,6] and the IC50 for di-
minishment of FV/FM (2 mg/L, Fig. 3).
Inhibition of photosynthetic carbon ﬁxation
Given that photosynthetic electron transport was inhibited
by photomodiﬁed anthracene, it was important to determine if
carbon ﬁxation was also affected. When L. gibba was incu-
bated in photomodiﬁed anthracene (8 mg/L) under SSR, CO2
ﬁxation was rapidly inhibited (Fig. 7). More than 50% inhi-
bition was observed in 30 min, and activity was completely
lost after 1 h (Fig. 5). However, if the plants were removed
from chemical exposure after a 45-min treatment and placed
in fresh growth medium, carbon ﬁxation recovered by 50%
after 3.5 h (Fig. 7). Also, after a 1.5-h incubation with pho-
tomodiﬁed anthracene, 30% recovery of photosynthetic activ-
ity was observed after 5 h. When plants were incubated with
the chemicals for 3 h, no recovery occurred up to 6 h after
the chemicals were removed.
DISCUSSION
We found that anthracene applied in intactorphotomodiﬁed
form inhibits photosynthesis in vivo or in vitro. Photomodiﬁed
anthracene inhibits PSII signiﬁcantly faster than does intact
anthracene, with the possibility that intact anthracene (t1/2 5
1.5 h in SSR) only begins to inhibit photosynthesis after pho-
tomodiﬁcation. Examination of the effects of photomodiﬁed
anthracene on PSII and PSI in vivo and in vitro reveals that
PSI is more sensitive than PSII. Our interpretation of these
results is that PSI is inhibited ﬁrst, blocking electron transport
downstream from PSII. This leads to photoinhibition of PSII
due to excitation pressure on PSII.
The photomodiﬁed anthracene employed here was a com-
plex mixture of photoproducts derived from intact anthracene
following incubation in UV radiation (Fig. 1). Photomodiﬁ-
cation of anthracene in the environment should also result inInhibition of photosynthesis by photomodiﬁed anthracene Environ. Toxicol. Chem. 16, 1997 1713
Fig. 7. Carbon ﬁxation in Lemna gibba following incubation with
photomodiﬁed anthracene. Plants were placed in growth medium con-
taining photomodiﬁed anthracene at a concentration of 8 mg/L and
incubated under simulated solar radiation (SSR) at 248C. At the time
points indicated, plant samples were removed, put into fresh medium
containing 14CO2 (10 mCi/ml) and incubated in the light or dark. After
the incubation, the plants were washed, chlorophyll was bleached,
and radioactivity was quantiﬁed by liquid scintillation. The arrows
represent the time points where a group of plants were removed from
the polycyclic aromatic hydrocarbon-containing media, washed, and
allowed to recover for various time intervals on fresh medium under
SSR prior to CO2 ﬁxation measurements. (n) Recovery beginning at
0.75 h, (V) recovery beginning at 1.5 h, and (M) recovery beginning
at 3 h. Data points are percent inhibition of CO2 ﬁxation activity and
the error bars are standard error of the mean (n 5 6–9).
similarly complex mixtures [8,14,15]. Further, the photomo-
diﬁcation pathway of anthracene is not completely understood
and the relative toxicity of each photoproduct is still under
investigation. To simulate anthracene impacts in the environ-
ment, a complex mixture of anthracene photomodiﬁcation
products was used in this study.
To investigate the impacts of the chemicals on plants in a
short period of time (#4 h), high concentrations of the chem-
icals were used both in vivo and in vitro. For the in vivo
studies, the highest concentration of intact and photomodiﬁed
anthracene used was 8 mg/L. This concentration lies at the
high end of the concentration-dependent range for loss of FV/
FM (see Fig. 3). These high concentrations are comparable to
PAH concentrations in heavily contaminated aquatic environ-
mental samples, such as industrial efﬂuents and highway run-
offs [40–42]. Furthermore, photomodiﬁed PAHs are much
more soluble than are intact PAHs [4,8], and at environmen-
tally relevant levels, photomodiﬁed anthracene had strong im-
pacts on photosynthesis. For example, the Chl a ﬂuorescence
quenching data (FQ/FM) showed that inhibition of PSI by pho-
tomodiﬁed anthracene could be detected at a low concentration
(0.05 mg/L, see Fig. 6). For the in vitro studies, the concen-
trations used (4–32 mg/L) were higher than those used in vivo
for three reasons: isolated membrane fragments do not actively
bioconcentrate contaminants as do plants; only short incuba-
tion times can be used in vitro (#2 h), so inhibition must be
observed rapidly; and the in vitro experiments are performed
at low temperature (48C). The lack of bioconcentration by the
isolated membranes and the low temperature may partially
explain why the KI for binding of photomodiﬁed anthracene
to PSI in vitro (8 mg/L, Fig. 4B) is higher than the IC50 for
inhibition of PSI in vivo as measured by FQ/FM (0.1 mg/L, Fig.
6B).
Photomodiﬁed anthracene inhibited both PSI and PSII in
SSR, whereas only PSI was inhibited in darkness (see Fig. 4).
This implies that inhibition of PSII requires light. A route for
inhibition of PSII in the light is that inhibition of PSI occurs
ﬁrst and this leads to photooxidative damage to PSII. Electron
transport in chloroplasts proceeds from H2O through PSII to
the plastoquinone (PQ) pool, and then through PSI to nicotin-
amide adenine dinucleotide phosphate (NADP1) [23,25].
When PSI is inhibited, electron transport from PSII to PSI will
also be blocked because the PQ pool will become quantita-
tively reduced and remain in that state. Because the result of
a reduced electron acceptor pool will be no electron transport
through PSII, photoinhibition of PSII will develop due to ex-
citation pressure on PSII complexes [29,30,43,44]. This will
ultimately result in permanent oxidative damage to PSII as a
consequence of excitation of Chl without the possibility of
transferring the energy into the electron transport chain. Thus,
if PSI is a primary site of inhibition, the electron transport
chain backs up such that PSII is also damaged.
The hypothesis that photoinhibition of PSII is induced fol-
lowing direct inhibition of PSI is supported by kinetics of Chl
a ﬂuorescence of L. gibba plants treated with photomodiﬁed
anthracene (see Fig. 6). The initial ﬂuorescencequenching(FQ)
after FM, which is dependent on PSI activity, is inhibited in
darkness and SSR (Fig. 6), whereas PSII activity, as repre-
sented by FV/FM, is diminished by photomodiﬁed anthracene
only in SSR. Moreover, the IC50 for inhibition of PSI as mea-
sured by FQ/FM (about 0.1 mg/L) is lower than the growth
inhibition EC50 (0.5 mg/L) [4], and the IC50 for PSII inhi-
bition as measured by FV/FM (2 mg/L) is higher than the EC50
for growth. Thus, we assert that PSI is the primary site of
action of photomodiﬁed anthracene. Interestingly, in the dou-
ble reciprocal plot for in vitro inhibition of PSI versus con-
centration of inhibitor, the lines for the dark and SSR treat-
ments intercepted at the same point on the 1/(photomodiﬁed
anthracene) axis (Fig. 6B). This indicates that in darkness and
SSR photomodiﬁed anthracene is reversibly binding at the
same site on PSI with the same afﬁnity. It will now be inter-
esting to examine the partial electron transport reactions of
photosynthesis in more detail using speciﬁc anthracene pho-
tomodiﬁcation products to more precisely assess the site of
action.
Assuming that PSI is reversibly inhibited due to binding
of an anthracene photoproduct and PSII is irreversibly inhib-
ited due to photooxidative damage (or excitation pressure)
provides an explanation for the recovery of photosynthesis as
measured by carbon ﬁxation. That is, reversible inhibition of
carbon ﬁxation occurs within the time frame of inhibition of
PSI (#1.5 h), whereas irreversible inhibition is within the time
frame of inhibition of PSII (2–3 h) (compare Figs. 3, 5, and
7). Furthermore, one can conclude that the primary site of
action (PSI) is not sufﬁcient to fully and irreversibly arrest
chloroplast metabolism.
The dominant anthracene photoproducts in themixtureused
here were identiﬁed as benzoicacids andhydroxybenzoicacids
(see Fig. 1). We assume that most of the effects on PSI were
due to chemicals of this nature. Interestingly, Oettmeier and
coworkers showed that some PAH quinones directly inhibit
PSII [36,45]. Early in the photomodiﬁcation process, PAH
photoproducts are primarily quinones [14,15], which may im-
pact largely on PSII. As photomodiﬁcation proceeds and ar-
omatic acids form, PSI may become the primary site of action.
To the best of our knowledge, the benzoic acid and hydrox-
ybenzoic acids have not been previously characterized as spe-1714 Environ. Toxicol. Chem. 16, 1997 X.-D. Huang et al.
ciﬁc inhibitors of photosynthesis, and we are currently ex-
amining this possibility in more detail.
If PSI is a primary site of action of a broad range of pho-
tomodiﬁed PAHs, the threat that these environmental contam-
inants pose to plants is particularly disturbing. Few natural
xenobiotic compounds exist that inhibit PSI [16,17,36,46]. In-
hibitors of photosynthetic electron transport usually act at PSII
[44–46], as is the case for juglone (a naturally occurring
naphthoquinone), the syntheticherbicidesatrazineandDCMU,
and metals [17,34,45,46]. Generally speaking, PSII is more
sensitive to stress than PSI and defense mechanisms have
evolved in plants that can ameliorate some forms of PSII dam-
age [30,35,43,44]. Assuming plants have evolved without fre-
quent inhibitory pressure on PSI, it is possible that they are
ill-equipped to respond to PSI damage.
The observation that FQ/FM was a sensitive measure of in-
hibition of plant function is important for bioindicator devel-
opment. The mechanism leading to this effect could be an
inability to maintain and/or establish the thylakoid pH gradient
(perhaps due to general membrane damage), or inhibition of
PSI activity. Our in vitro results indicated that PSI was the
primary site of action, and PSII was subsequently affected via
excitation pressure. Thus, ﬂuorescence quenching (FQ) would
have been diminished due to inhibited PSI activity. Impor-
tantly, inhibition of PSI was also coincident with rapid inhi-
bition of carbon ﬁxation, linking diminished FQ/FM to altered
primary productivity. This provides a mechanistic link for this
measure ofphotomodiﬁed anthraceneimpact.Furthermore,be-
cause it is a more sensitive measure than growth inhibition,
FQ/FM has potential as a reliable, validated bioindicator of
chronic toxicity of photomodiﬁed PAHs. Similarly, FV/FM is
also a mechanistically linked bioindicator, but of acute effects
of photomodiﬁed anthracene on plants.
Polycyclic aromatic hydrocarbons in photooxidized form
are more toxic to plants than those in intact form [4–6]. This
study revealed that the mechanismof toxicityofphotomodiﬁed
anthracene begins with inhibition of PSI. Because PSI inhi-
bition is rare, this may partially explain why PAHs have higher
toxicity to plants following photomodiﬁcation. This study also
demonstrated that Chl a ﬂuorescence is an in vivo indicator
of the effects of photomodiﬁed anthracene. The link of di-
minished Chl a ﬂuorescence to inhibition of carbon ﬁxation
and growth indicates that photomodiﬁed anthracene has the
potential to impact on primary productivity in the environment
via inhibition of photosynthetic electron transport.
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